Convective flow within the interiors of terrestrial planets is a primary source of large-scale topographic and tectonic features. We treat the crust and mantle as a layered viscous half-space and find solutions for flow driven by a buoyancy force distribution within the mantle and by relief at the surface and crust-mantle boundary. The crust initially responds to mantle upwelling with uplift, but continued flow causes significant crustal thinning and subsidence. Downwelling leads to initial subsidence and subsequent crustal thickening and surface uplift. Changes in crustal thickness are driven by (1) vertical normal stresses due to mantle flow and (2) shear coupling of horizontal mantle flow into the crust. The degree and time scale of crustal deformation are sensitive to crustal thickness and viscosity and the presence of elastic layers in the upper crust and mantle. Deformation can occur on time scales less than several hundred million years for reasonable values of these parameters. Strong or elastic upper crustal layers enhance crustal thinning or thickening, while large viscosity contrasts between the lower crust and upper mantle or elastic mantle layers tend to diminish deformation. For time-dependent mantle flow due to a rising or sinking diapiric body, crustal deformation depends upon the ratio of diapir radius to crustal thickness, and the ratio of crustal to mantle viscosity. A sinking diapir can lead to crustal thickening, elevated topography, and a specific sequence of time-varying deformation, While regions such as Beta Regio have long been suggested to result from convective upwelling in the Venus mantle, we suggest that a mantle downwelling origin is consistent with many of the characteristics of the compressional mountain ranges of western Ishtar Terra.
Stratification in Density
The "no-crust" model discussed above could be applied to terrestrial oceanic regions, where a brittle/elastic lithosphere sits atop ductile mantle. Because oceanic crust is embedded within the elastic lithosphere, the density difference between crust and mantle material does not drive flow within the crust or mantle. However, the lower crust of Venus is likely to be ductile if the crust is more than a few kilometers thick [Weertman, 1979; Zuber, 1987] .
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boundary from the surface; that is, even if the crust is initially of uniform thickness, it does not necessarily remain so. This requires that we consider flow driven by topography at the crust-mantle boundary ( Brittle portions of the crust and mantle can either be represented as high-viscosity layers [e.g., Grimm and Solomon, 1988] or as elastic layers. In the former representation, frictional sliding on faults is parameterized as ductile flow and the layer may be deflected vertically, thinned, or thickened. In the latter, the layer may be deflected vertically, but horizontal deformation is limited to elastic strain and occurs rapidly on time scales for viscous flow [Phillips, 1986] . This allows the influence of an elastic layer on ductile portions of the crust and mantle to be treated as a matching or boundary condition. An elastic layer causes horizontal velocity to vanish along the elastic-viscous interface and provides flexural support of vertical normal stress (Figure 3) 
RESLILTS
We examine simple structures that can be used to gain insight into model behavior and the particular parameters that control it. We begin with a uniform viscosity model in order to assess the effects of elastic layers, then consider more complex viscosity distributions. The buoyancy force which drives flow is in the form of a harmonic mass sheet. More complex models can be created by superimposing different wavelengths of flow and mass sheets at different depths. As t --> o% time-dependent terms in (6) decay exponentially, and surface and crust-mantle boundary topography approach steady state values. In the absence of a ductile crust, upwelling (downwelling) mantle flow will result in uplift (subsidence) of the surface. However, above upwelling (downwelling) mantle flow, models VV and E1 are characterized at long wavelengths by steady state subsidence (uplift) of the surface and uplift (subsidence) of the crust-mantle boundary (Figure 4) . Examining time-dependent behavior, we find that the surface initially undergoes uplift due to mantle upwelling for model E1 (Figure 5a ), but later begins to subside. The amount of subsidence is significantly greater than the amount of earlier uplift. There is no change in crustal thickness during this initial uplift (Figure 6a ), indicating that the entire crust is raised as a unit by vertical normal stresses associated with upwelling. Surface subsidence is accompanied by significant crustal thinning (Figure 6a We have also examined two pairs of parameters relevant to the time scales and wavelengths at which crustal thinning or thickening first becomes significant using five viscosity distributions (Figure 11 ) and holding the depth of the buoyancy force constant at d = 5L (Table I ). The first pair is Xss, the wavelength at which steady state surface topography reaches one-half the amplitude in the limit of long wavelengths, and Xss, the crustal deformation time ( Above a region of upwelling mantle flow, the crust is first uplifted with little or no thinning (Figures 6 and 7) . Tectonic features formed at this time would be caused by flexure of the brittle upper crustal and/or mantle layers, similar to deformational features predicted for doming [Withjack and Scheiner, 1982] . Continued upwelling leads to thinning of the crust (Figure 6) , and the surface subsides as the crust-mantle boundary is uplifted. If an elastic mantle layer is present at the crust-mantle boundary (model E2), shear coupling of horizontal mantle flow into the crust is prevented and the surface simply relaxes to its original level. Vertical normal stresses due to the mantle flow are then balanced solely by relief at the crustmantle boundary, and crustal thinning of ~10 times the early time uplift occurs (for Ap/p = 0.1). One predicted effect of such a steady state is a gravity anomaly that results from the mass anomaly at depth and relief at the crust-mantle boundary, but without associated topography. The highly positive correlation of low-degree harmonics of gravity and topography [Bills et al., 1987] suggests that such a situation does not dominate large-scale features on Venus.
Uniform
In the absence of an elastic mantle layer (model E1 or VV), crustal thirming is accentuated (Figure 6 ), resulting in greater subsidence of the surface. Enhanced crustal thinning occurs because shear coupling of horizontal mantle flow into the crust is allowed by the absence of an elastic layer at the crust-mantle boundary. The amount of crustal thinning and subsidence is proportional to the amplitude of the buoyancy force ({J), and also depends on its depth (d), its characteristic wavelength, and the viscosity distribution with depth, particularly in nearsurface layers. For example, a strong upper crustal layer (ST UC, Figure 11 ) tends to enhance crustal thinning due to upwelling at moderate wavelengths, but a strong upper mantle layer (ST UM) has the opposite effect (Figure 12 ). In the limit that these layers are extremely viscous, their effects are similar to elastic layers at the surface (El) and the crust-mantle boundary (E2). Strong upper mantle layers decrease crustal thinning by inhibiting shear coupling of horizontal flow into the crust. Strong upper crustal layers force horizontal velocities to approach zero near the surface, creating large vertical gradients of horizontal velocity, and thereby increasing the magnitude of shear stresses. Thus the presence of strong near-surface layers increases shear stresses within the lower crust and leads to additional crustal thinning.
To understand the effects of long-lived mantle downwelling, we simply reverse the sign on the vertical axes in To illustrate the effects of time-dependent flow within the manfie, we model the diapirie sinking of an axisymmetric body within the manfie. The diapiric body is treated as a small region of higher density at a single depth within a viscous half-space. For the illustrated results a point source was used; however, the general results discussed here are not sensitive to the particular shape of the sinking body. A two-dimensional fast Fourier transform (128 x 128 elements) was used to represent the density distribution in terms of harmonic components, from which velocity response functions w ij and ultimately topography and strains, are calculated. Solutions are parameterized in terms of T, which determines the downward velocity of the diapir. Continuous movement of the diapir is simulated by placing the diapir at depth d for a time interval (At<<Xc) and calculating the accumulated topography at the surface and crustmantle boundary and the hoop (e00) and radial (err) strains at the surface. The diapir is then moved a distance Az = wAt, where w is determined from (19) and the resulting Az is much less than crustal thickness (L). At each new location, additional topography and strains are added to those which have already accumulated. Results were tested for convergence by halving the time interval and comparing topography and strains. These were found to be identical within ~1%.
For this example, we consider the sinking of a body characterized by T = 1.0 and At = 0.5% with Rc = Rm. These parameters correspond to a diapir radius a -• 10L. The diapir was started at a depth of 10L and allowed to sink to a depth of-•22L. Beyond this depth, additional accumulation of topography was negligible. Results are summarized in terms of surface heights (Figure 13a ) and horizontal surface strains (Figures 13b and  13c) . The surface initially subsides, but by the time the sinking body has reached a depth of-•13L, a central elevated region has developed (Figure 13) . The height and width of this topographic high broaden as the diapir continues to sink. Plots of accumulated strain (Figures 13b and 13c) show that during the early part of the deformation, hoop strains are compressional throughout the region, while radial strains are extensional near the edges of the high topography. By the time the diapir has reached a depth of ~13L, instantaneous strain rates within the high have become extensional and accumulated strains begin to decrease. This occurs because the depth of the diapir continues to increase, resulting in weaker coupling of flow into the crust at relatively short wavelengths, and allowing short wavelength topography to relax. At longer wavelengths, response is slower (Figure 7) , and the topographic high continues to grow and broaden. The changes in instantaneous strain rates at the surface suggest that deformational features due to diapir-driven mantle flow may be complex. Both radial and concentric features can be expected, although hoop strains might also be taken up by strike-slip deformation. Compressional deformation is expected to propagate outward, horizontally away from the sinking body and may be followed by extension within a central region.
The effects of a rising diapiric body were also calculated ( Figure 14) using the same parameters as in the case of the sinker. In this case, an initial broad uplift is created, which then undergoes subsidence due to diapir-driven crustal thinning. However, as the rising body approaches the surface, the vertical forces associated with the diapix outweigh the effects of crustal thinning, leading to the formation of a progressively higher and narrower central region (Figure 14a ). Radial and hoop strains within the topographic high are increasingly extensional as the diapiric body nears the surface, and a zone of radial compression develops on the flanks of the high (Figures  14b and 14c) . Such radial compression may explain the origin of the ridges which deCree the circular corona structures, which are suggested to be related to diapiric rise of mantle material [Stofan and Head, 1990] . Manfie flow tectonics can be driven by either large-scale convective motions in the mantle, or by the sinking or rising of more discrete, diapiric bodies within the mantle. For timevarying mantle flow driven by the diapiric rising or sinking of material, the potential for crustal deformation depends most critically upon the ratio of diapir radius to crustal thickness (a/L), and the ratio of lower crustal to mantle viscosity (gc/grn). For large a/L, a significant portion of the lower crust must be weaker than the mantle for discernible crustal thinning or thickening to occur. Characteristic time and length scales for crustal deformation depend strongly on such variables as the characteristic depth of buoyancy forces, the crustal thickness, viscosities as a function of depth, and the presence or absence of elastic layers. Modeling the effects of a sinking diapiric body, we confirm the prediction that high topography can result from downwelling and find that diapiric sinking can result in complex, time-varying surface deformation. A specific sequence of deformation can be identified and warrants further study.
Topographic uplands due to mantle flow can be created by both upwelling and downwelling within the mantle. Over a region of mantle upwelling, the crust is first uplifted and then thinned. The relatively minor amounts of extension, and thus crustal thinning, inferred for Venusian swells constrain the ratio of characteristic time scales for crustal deformation and diapiric rise. We find that this constrains the ratio of lower crustal to mantle viscosity to values on the order of or greater than 10 -3. Downwelling flow, if it persists for long enough, results in surface uplift due to crustal thickening. The compressional mountain ranges and high topography of western Ishtar Terra may be the result of such downwelling. If so, the region is predicted to be older than Beta Regio, since more time is required to thicken the crust than to uplift it. Such an age relationship is consistent with the observed impact crater densities. Comparison of the observed sequence of deformation and gravity with predictions of specific models is needed to more completely test a manfie downwelling model for western 
